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The neuroprotective properties of bis(7)-tacrine, a
novel dimeric acetylcholinesterase (AChE) inhibitor, on
glutamate-induced excitotoxicity were investigated in
primary cultured cerebellar granule neurons (CGNs).
Exposure of CGNs to 75 �M glutamate resulted in neuro-
nal apoptosis as demonstrated by Hoechst staining,
TUNEL, and DNA fragmentation assays. The bis(7)-ta-
crine treatment (0.01–1 �M) on CGNs markedly reduced
glutamate-induced apoptosis in dose- and time-depend-
ent manners. However, donepezil and other AChE inhib-
itors, even at concentrations of inhibiting AChE to the
similar extents as 1 �M bis(7)-tacrine, failed to prevent
glutamate-induced excitotoxicity in CGNs; moreover,
both atropine and dihydro-�-erythroidine, the cholin-
oreceptor antagonists, did not affect the anti-apoptotic
properties of bis(7)-tacrine, suggesting that the neuro-
protection of bis(7)-tacrine appears to be independent of
inhibiting AChE and cholinergic transmission. In addi-
tion, ERK1/2 and p38 pathways, downstream signals of
N-methyl-D-aspartate (NMDA) receptors, were rapidly
activated after the exposure of glutamate to CGNs.
Bis(7)-tacrine inhibited the apoptosis and the activation
of these two signals with the same efficacy as the co-
application of PD98059 and SB203580. Furthermore, us-
ing fluorescence Ca2� imaging, patch clamp, and recep-
tor-ligand binding techniques, bis(7)-tacrine was found
effectively to buffer the intracellular Ca2� increase trig-
gered by glutamate, to reduce NMDA-activated currents
and to compete with [3H]MK-801 with an IC50 value of
0.763 �M in rat cerebellar cortex membranes. These find-
ings strongly suggest that bis(7)-tacrine prevents gluta-
mate-induced neuronal apoptosis through directly
blocking NMDA receptors at the MK-801-binding site,
which offers a new and clinically significant modality as
to how the agent exerts neuroprotective effects.

Bis(7)-tacrine (1,7-N-heptylene-bis-9,9�-amino-1,2,3,4-tetra-
hydroacridine), a novel dimeric AChE1 inhibitor derived from
tacrine, has been reported by us as a promising palliative
therapeutic agent for Alzheimer disease (AD) on the basis of its
superior AChE inhibition (1, 2) and memory enhancement po-
tency relative to tacrine (3). Moreover, bis(7)-tacine protects
against ischemia-induced injury in primary cultured mouse
astrocytes (4) and hydrogen peroxide-induced apoptosis in phe-
ochromocytoma cells (5). Although it has been shown that
bis(7)-tacrine reverses memory deficits mainly via the inhibi-
tion on AChE, its exact multiple neuroprotective mechanisms
remain elusive.

AD is a multifaceted neurodegenerative disease character-
ized by the progressive deterioration of cognition and memory
in association with widespread neuronal loss (6). The link be-
tween cholinergic dysfunction and AD severity provides a firm
rationale for the therapeutic use of AChE inhibitors, such as
tacrine, donepezil (E2020), rivastigmine, galanthamine, and
huperizine A (7–9). Several studies have shown that neuronal
apoptosis and synaptic loss in the cerebral cortex and hip-
pocampus are the major reasons for cognitive decline in AD (10,
11), whereas glutamate may directly contribute to the apo-
ptosis in AD (12, 13). Therefore, AChE inhibitors with the role
of anti-apoptosis might be more beneficial than those that
only inhibit AChE to treat AD and in particular to prevent
the pathogenesis of AD and other related neurodegenerative
disorders (14, 15).

Glutamate-induced neurotoxicity is an important contribut-
ing factor in chronic neurodegenerative diseases and in acute
neuronal damages (16, 17). In these diseases, there is an ab-
normal release of glutamate that contributes significantly to
the neurological outcome. The released glutamate causes an
excessive activation of glutamate receptors of the NMDA sub-
type, leading to an abnormal influx of Ca2� in the viable neu-
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rons and a subsequent neuronal death (18–20). Several kinase
pathways, mainly including extracellular signal regulated-ki-
nase (ERK) and p38 mitogen-activated protein kinase (MAPK)
pathways, have been demonstrated to be involved in gluta-
mate-induced apoptosis and to be responsible for the down-
stream signals of overloading intracellular Ca2� (21, 22). The
core units (Raf, MEK1/2, and ERK1/2) of ERK pathway signal-
ing cascade are in turn activated by a wide variety of receptors
involved in growth and differentiation including receptor tyro-
sine kinases, integrins, and ion channels. An activated ERK
dimer can regulate targets in the cytosol and also translocate to
the nucleus where it phosphorylates a variety of transcription
factors regulating gene expression (23). In neurons, glutamate
overactivates NMDA receptors leading to the overloading of
intracellular calcium and the activation of the ERK pathway
that mediates apoptosis (21). Mitogen-activated protein kinase
kinases 3/6 (MKK3/6) have high activating toward p38 MAPK,
which can directly phosphorylate and regulate several transcrip-
tion factors such as activating ability transcription factor 2 (24).
Several studies suggest that p38 pathway is involved in gluta-
mate-induced apoptosis in neurons in vitro and in vivo (22, 25).
However, the relationship between ERK and p38 pathways in
glutamate-induced apoptosis has not yet been delineated.

The current studies were undertaken to evaluate the ability
of bis(7)-tacrine to prevent glutamate-induced apoptosis in
CGNs and then to systematically delineate whether this agent
affected the key steps of glutamate-induced apoptosis from
ERK and p38 pathways to intracellular Ca2� to NMDA recep-
tors. It appears that bis(7)-tacrine prevents glutamate-induced
apoptosis in neurons by directly blocking NMDA receptors at
the MK-801-binding site yet independent of the inhibition on
AChE and cholinergic transmission.

EXPERIMENTAL PROCEDURES

Primary Cerebellar Granule Neuron Cultures—Rat cerebellar gran-
ule neurons were prepared from 8-day-old Sprague-Dawley rat (The
Animal Care Facility, Hong Kong University of Science & Technology)
as described previously (26). Briefly, neurons were seeded at a density
of 2.0 � 106 cells/ml in basal modified Eagle’s medium (Invitrogen)
containing 10% fetal bovine serum, 25 mM KCl, 2 mM glutamine, and
penicillin (100 units/ml)/streptomycin (100 �g/ml). Cytosine arabino-
side (10 �M) was added to the culture medium 24 h after plating to limit
the growth of non-neuronal cells. With the use of this protocol, 95–99%
of the cultured cells were granule neurons. The experiments were
performed after 8 days in culture.

Measurement of Neurotoxicity—The percentage of surviving neurons in
the presence of bis(7)-tacrine and/or glutamate was estimated by deter-
mining the activity of mitochondrial dehydrogenases with 3(4,5-
dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide (MTT) assay (26).
The assay was performed according to the specifications of the manufac-
turer (MTT kit I; Roche Applied Science). Briefly, the neurons were
cultured in 96-well plates, 10 �l of 5 mg/ml MTT labeling reagent was
added to each well containing cells in 100 �l of medium, and the plate was
incubated for 4 h in a humidified incubator at 37 °C. After the incubation,
100 �l of the solvating solution (0.01 N HCl in 10% SDS solution) was
added to each well for 17–18 h. The absorbance of the samples was
measured at a wavelength of 570 nm with 630 nm as a reference wave-
length. Unless otherwise indicated, the extent of MTT conversion in cells
exposed to glutamate is expressed as a percentage of the control.

FDA Staining Assay—Viable granule neurons were stained with
fluorescein formed from FDA, which is de-esterified only by living cells
(27). Briefly, after incubation with FDA (10 �g/ml) for 10 min, the
neurons were examined and were photographed using UV light micros-
copy at 520 nm, compared with pictures photographed under phase
contrast microscopy.

Hoechst Staining Assay—Chromatin condensation was detected by
nucleus staining with Hoechst 33342 as previously described (26).
CGNs (2.5 � 10 cells) grown in a 35-mm dish were washed with ice-cold
phosphate-buffered saline (PBS) and fixed with 4% formaldehyde in
PBS. The cells were then stained with Hoechst 33342 (5 �g/ml) for 5
min at 4 °C. The nuclei were visualized using a fluorescence microscope
at �400 magnification.

DNA Fragmentation Assay—DNA fragmentation was assessed using
a soluble DNA preparation as previously described (26). CGNs (2 � 107

cells) grown in a 100-mm dish were lysed in 10 mM Tris-HCl (pH 7.5)
containing 10 mM EDTA and 0.2% Triton X-100. The lysate was cen-

FIG. 1. Glutamate induces a dose- and time-dependent cell
death blocked by bis(7)-tacrine. A, at 8 DIV, CGNs were exposed to
1 �M bis(7)-tacrine for 2 h before the addition of glutamate (Glu) at the
different concentrations indicated. Cell viability was measured at 24 h
after glutamate. B, compared with normal neurons, CGNs were prein-
cubated with or without 1 �M bis(7)-tacrine for 2 h and then exposed to
75 �M glutamate at different times indicated. Cell viability was meas-
ured at the indicated times. C, CGNs were preincubated with bis(7)-
tacrine at different concentrations indicated and were exposed to 75 �M

glutamate 2 h later. At 24 h after glutamate challenge, cell viability was
measured by MTT assay. All of the data, expressed as percentages of
control, were the means � S.E. of three separate experiments. *, p �
0.05; **, p � 0.01 versus the corresponding glutamate groups in A and
C or versus control at the same time in B. ��, p � 0.01 versus gluta-
mate group at the same time in B (ANOVA and Dunnett’s test).
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trifuged at 12,000 � g for 10 min. The supernatant was treated with
proteinase K (0.3 mg/ml) and RNase A (0.3 mg/ml) and then extracted
in the presence of 300 mM NaAc. The DNA was precipitated with
isopropanol and dissolved in 10 mM Tris-HCl (pH 8.0) containing 1 mM

EDTA. The DNA was electrophoresed in 1.5% agarose gel in Tris
borate-EDTA buffer. The DNA bands were then imaged by ethidium
bromide staining and photographed.

TUNEL Assay—CGNs were plated onto 25-mm-round, 1-mm-thick
glass coverslips (Fisher) precoated with poly-L-lysine (1%). According to
the protocol of TUNEL (TB235; Promega, Madison, WI), the neurons
were washed with PBS, fixed with 4% paraformaldehyde for 25 min,
and rinsed three times with PBS. The cells were then permeabilized
with 0.2% Triton X-100 in PBS and then rinsed twice with PBS and
equilibrated with 100 �l of equlibration buffer at room temperature for
10 min. The DNA nick labeling reaction was performed using 50 �l of
deoxynucleotidyltransferase incubation buffer, including 45 �l of equil-
ibration buffer, 5 �l of nucleotide mix, and 1 �l of deoxynucleotidyl-
transferase enzyme for 60 min at 37 °C, and then the reaction was
terminated by immersing the slides in 2� SSC for 15 min at room
temperature. The samples were rinsed three times with PBS and
mounted for analyzing under a fluorescence microscope using a stand-
ard fluorescein filter set to view the microscope using a standard fluo-
rescein at 520 nm.

AChE Activity Assay—AChE activity was determined by using a
modified Ellman’s assay (2). Briefly, the supernatants were collected
from cell lysates (buffer: 20 mM Tris-HCl, pH 8.0, 0.1% Triton X-100) of
CGNs 4 h after glutamate challenge by centrifugation at 14,000 � g for
5 min. Each supernatant at 30 �l for the following reaction was first
incubated with 0.1 mM tetraisopropylpyrophosphoramide (Sigma) for 10

min to inhibit the butyrylcholinesterase activity. By using acetylthio-
choline iodide at 0.625 mM as AChE substrate and 5�,5�-dithiobis-(2-
nitrobenzoic acid) at 0.5 mM as the color indicator, hydrolysis reaction
at 37 °C was monitored by measuring optical density at 405 nm at
30-min intervals for 2 h. Whole protein concentrations were determined
by the BCA assay (Pierce) (26), and the specific activity of AChE was
calculated by the data from three independent experiments.

Western Blot Assay—Western blot analysis was performed as de-
scribed previously (26). Briefly, the neurons were lysed by adding SDS
sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% (w/v) SDS, 10% glycerol,
50 mM dithiothreitol, and 0.1% (w/v) bromphenol blue). The samples
were resolved by SDS-PAGE with the use of 12% acrylamide gels, as
indicated in the legends. The proteins were transferred to Hybond-P
membranes (polyvinylidene difluoride). The membranes were incu-
bated with primary antibodies (1:1000). After incubation with the pri-
mary antibodies, the filters were washed and then incubated with the
respective horseradish peroxidase-conjugated anti-rabbit antibody.
Then the blots were washed and subsequently were developed with an
enhanced chemiluminescence system and exposed to Kodak autoradio-
graphic films.

Kinase Assay—p38 kinase activity was measured using immune
complex kinase by the nonradioactive immunoprecipitation kinase kit
(9820; Cell Signaling, Beverly, MA) (26). In brief, CGNs were washed
with cold PBS and extracted in an ice-cold lysis buffer. For the p38
kinase assay, cell lysates from CGNs with different treatments were
incubated overnight with the phosphorylated p38 antibody immobilized
by cross-linking to agarose hydrazide beads. The beads were washed
twice with a lysis buffer and twice with a kinase buffer. The kinase
reaction was started by adding 2 �g of activating transcription factor 2

FIG. 2. Bis(7)-tacrine blocks the
hallmarks of apoptosis induced by
glutamate in CGNs. A, at 8 DIV, CGNs
were preincubated with or without 1 �M

bis(7)-tacrine or 50 �M E2020 and ex-
posed to 75 �M glutamate (Glu) 2 h later.
At 24 h after glutamate challenge, CGNs
were assayed with a phase contrast mi-
croscope, FDA staining, Hoechst 33324
staining, or TUNEL. B, the counts of apo-
ptotic bodies by Hoechst staining as in A.
The data, expressed as the percentages of
glutamate, were the means � S.E. of
three separate experiments; **, p � 0.01
versus control (ANOVA and Dunnett’s
test). C, CGNs were preincubated with or
without 1 �M bis(7)-tacrine or 50 �M

E2020 and exposed to 75 �M glutamate
2 h later. At 24 h after glutamate chal-
lenge, the DNA fragmentations were ex-
tracted from the CGNs, and then agarose
gel electrophoresis and ethidium bromide
staining were used to visualize DNA ex-
tracted from the above samples. The pos-
itive control of DNA fragmentations was
from low potassium-induced (5 mM KCl
basal modified Eagle’s medium) apoptotic
cells in CGNs.
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fusion protein (19–96) as the substrate of p38 and 200 �M ATP and
terminated by adding 3� SDS sample buffer after incubation for 30 min
at 30 °C. In some experiments, bis(7)-tacrine or SB203580 was added 30
min prior to the start of reaction. The samples were analyzed using
Western blot assay with the phospho-activating transcription factor
2 antibody.

Confocal Laser Scanning Microscopy—A confocal laser scanning mi-
croscope was used to evaluate relative changes in intracellular calcium
concentrations ([Ca2�]i) by monitoring Fluo-3 fluorescence after intra-
cellular cleavage of superfused Fluo-3 acetoxymethylester (5 � 10�6 M,
with excitation at 488 nm and emission at �510 nm) (26). In brief, the
neurons were stained with 5 � 10�5 M Fluo-3 acetoxymethylester for 30
min in a 37 °C incubator and then washed three times with a balanced
salt solution containing 154 mM NaCl, 25 mM KCl, 0.035 mM Na2HPO4,
2.3 mM CaCl2, 3.6 mM NaHCO3, 5.6 mM glucose, 5 mM HEPES, pH 7.4.
The fluorescence images were analyzed using the MetaMorph software
package (Universal Imaging Co., Downingtown, PA). The data were
obtained by evaluating the fluorescence (F) from selected areas within
a cell, following subtraction of background fluorescence, and division by
the fluorescence intensity before drug application (F0), expressed as
F/F0. Confocal images were taken and stored every 5–10 s. Bis(7)-
tacrine was added to the balanced salt solution 30 min prior
to glutamate.

Whole Cell Electrophysiological Analysis—Cultures of hippocampal
neurons on glial feeder layers were prepared from 15–17-day fetal mice
for the whole cell patch clamp analysis (28). Hippocampi were dissected
in Hanks’ buffered salt solution containing 10 mM HEPES, DNase type
I (Roche Applied Science), and 1 mM sodium pyruvate (pH 7.4); incu-
bated in 0.25% trypsin (Invitrogen) in Hanks’ buffered salt solution at
37 °C for 15 min; washed three times in Hanks’ buffered salt solution at
room temperature; and triturated 30–40 times using a fire-polished
Pasteur pipette. The neurons were plated on confluent layers of hip-
pocampal glia in minimum essential medium containing 10% heat-
inactivated equine serum (HyClone, Logan, UT) and 1 mM sodium
pyruvate. After 4 h, half of this medium was replaced with a mainte-
nance medium consisting of minimum essential medium, 1 mM sodium
pyruvate, and N2 serum supplement (Invitrogen); this medium was
subsequently given half-changes weekly. The neurons were cultured for
2 weeks prior to use in experiments.

Whole cell patch clamp recording was carried out at room tempera-
ture using an EPC-7 patch clamp amplifier (28). Membrane potential
was held at �60 mV. The data were filtered at 2 kHz (8-pole Bessel) and
acquired on a computer (5-kHz sampling frequency) during experi-
ments using a DigiData 1200A interface and pCLAMP software (Axon
Instruments, Inc., Union City, CA). The neurons were superfused at
1–2 ml min�1 in an extracellular medium containing 150 mM NaCl, 5

FIG. 3. The neuroprotective properties of bis(7)-tacrine are independent of AChE inhibition and cholinergic transmission. A, at 8
DIV, CGNs were preincubated with 1, 10 or 50 �M tacrine or E2020 and exposed to 75 �M glutamate (Glu) 2 h later. Cell viability was measured
at 24 h after glutamate. B, CGNs were preincubated with 10 �M diisopropylfluorophosphate (DFP) or/and 1 �M bis(7)-tacrine for 2 h and then
exposed to 75 �M glutamate. Cell viability was measured at 24 h after glutamate. C, similarly to the treatments of A, at 4 h after glutamate
challenge, the specific activities of AChE were determined with the modified Ellman’s assay as described under “Experimental Procedures.” D,
CGNs were incubated with 10 �M atropine (Atr) or/and 50 �M dihydro-�-erythroidine (DHE) for 30 min, then supplemented with 1 �M

bis(7)-tacrine, and exposed to 75 �M glutamate 2 h later. At 24 h after glutamate challenge, cell viability was measured by MTT assay. All of the
data, expressed as percentages of control, were the means � S.E. of three separate experiments. **, p � 0.01 versus glutamate group in B, p � 0.01
versus glutamate group in C, and p � 0.01 versus control in D (ANOVA and Dunnett’s test). ��, p � 0.01 versus control in C.
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mM KCl, 0.2 mM CaCl2, 10 mM HEPES, 10 mM glucose, 0.0002 mM

tetrodotoxin; pH was adjusted to 7.4 using NaOH, and osmolality was
adjusted to 340 mosmol kg�1 using sucrose. Low Ca2� was used to
minimize NMDA receptor inactivation. The recording pipette solution
contained 130 mM CsCl, 4 mM Mg4ATP, 10 mM 1,2-bis(2-aminophe-
noxy)ethane-N,N,N�,N�-tetraacetic acid, 10 mM HEPES, 10; pH was
adjusted to 7.4 using CsOH, and osmolality was adjusted to 310 mosmol
kg�1 using sucrose. Solutions of agonists and drugs were prepared in
extracellular medium and were applied to neurons by gravity flow from
a linear barrel array consisting of fused silica tubes (inner diameter,
�200 �m) connected to independent reservoirs; the solutions were
exchanged by shifting the pipette horizontally using a micromanipula-
tor (10–90% rise time of the junction potential at an open pipette tip
was �50 ms).

Receptor-Ligand Binding Assay—The binding assay was performed as
described (29) with modifications. Synaptic plasma membrane was pre-
pared from the cerebella of 15-day-old Sprague-Dawley rats by using
discontinuous sucrose density gradients as described (29). The receptor-
ligand binding was performed in triplicate using 150–200 �g of synaptic
plasma membrane protein and 4 nM [3H]MK-801 (American Radiolabeled
Chemicals Inc., St. Louis, MO) incubated with different concentrations of
testing compounds; nonspecific binding was determined by an excess of

the cold MK-801. After collecting the samples on Whatman GF/B filters by
rapid filtration with a MD-24 sample harvester, filtrated tissue on filters
was soaked into scintillation cocktails for overnight and measured in a
scintillation counter (Wallac 1209; Rackbeta, Turku, Finland). Specific
[3H]ligand binding to receptors was determined by subtracting the non-
specific count from the total, which is defined by 0.1 mM unlabeled MK-
801. The Ki values are derived from the IC50 values by correcting for
receptor occupancy by [3H]ligand. The binding parameters were obtained
with the program of ligand-binding module in Sigmaplot 9.0.

Data Analysis and Statistics—The data are expressed as the
means � S.E., and statistical significance was determined by analysis
of variance with either Dunnett’s test in the case of multiple compari-
sons with control or Tukey-Kramer means separation test for multiple
comparisons between treatment groups. Single comparisons were per-
formed by Student’s t test or Welch-corrected unpaired t test where
appropriate. The differences were accepted as significant at p � 0.05.

RESULTS

Bis(7)-tacrine Prevents Glutamate-induced Cell Death in
CGNs—Prior to investigating the effects of bis(7)-tacrine on
glutamate excitotoxicity, a dose- and time-dependent excitotox-
icity model in CGNs was firstly established. At 8 days in vitro
(DIV), CGNs were exposed continuously to 25–300 �M gluta-
mate for 24 h or 75 �M glutamate alone at different times. Cell
viability was measured by MTT assay. Glutamate induced a
dose-dependent loss in neuronal viability starting from 25 �M

and peaking at 300 �M (Fig. 1A). Glutamate at 75 �M induced
a time-dependent neuronal death starting at 12 h and culmi-
nating at 48 h (Fig. 1B). CGNs were pretreated with the grad-
ually increasing concentrations of bis(7)-tacrine for 2 h and
exposed to 75 �M glutamate for 24 h or indicated times or
pretreated with 1 �M bis(7)-tacrine for 2 h and exposed to
different concentrations of glutamate for 24 h. It was found
that bis(7)-tacrine prevented 75 �M glutamate-induced cell
death in CGNs in a dose-dependent fashion (Fig. 1C). Bis(7)-
tacrine at 1 �M retained its neuroprotective effects for at least
60 h after glutamate challenge (Fig. 1B). With the increase of
glutamate concentrations, the neuroprotective properties of
bis(7)-tacrine gradually decreased and were completely lost
when CGNs were exposed to over 300 �M glutamate (Fig. 1A).

Bis(7)-tacrine Inhibits Glutamate-induced Apoptosis in
CGNs—In CGNs, glutamate causes necrosis and/or apoptosis
depending on the experimental conditions used, and at low
concentrations, glutamate more easily induces apoptosis but

FIG. 4. Inhibition of ERK and p38 pathways prevents gluta-
mate-induced cell death in CGNs. A, U0126 prevented glutamate-
induced cell death in a concentration-dependent manner. CGNs were
pretreated with U0126 at different concentrations indicated for 2 h and
then exposed to 75 �M glutamate (Glu) for 24 h. B, SB203580 prevented
glutamate-induced cell death in a concentration-dependent manner.
CGNs were pretreated with SB 203580 at different concentrations
indicated, 2 � 1 or 5 � 5 �M of SB 203580 and 5 �M U0126 for 2 h and
then exposed to 75 �M glutamate for 24 h. Cell viability was measured
by MTT assay. All of the data, expressed as percentages of control, were
the means � S.E. of three separate experiments. *, p � 0.05; **, p �
0.01 versus glutamate group; and ��, p � 0.01 versus the group of
SB203580 at the same concentration plus glutamate (ANOVA and
Dunnett’s test).

FIG. 5. Bis(7)-tacrine inhibits the activation of ERK pathway
caused by glutamate. A, CGNs were exposed to glutamate (Glu) at 75
�M at times indicated with or without bis(7)-tacrine at 1 �M pretreated
for 2 h. Total proteins were collected from neurons at the indicated
times for Western blot with phospho-ERK1/2 or total ERK2 antibodies.
B, CGNs were incubated with 75 �M glutamate at the indicated times,
and the total proteins were extracted for Western blot with the specific
phospho-Raf, phospho-MEK1/2, phospho-ERK1/2, and �-tubulin anti-
bodies. C, CGNs were pretreated with 1 �M bis(7)-tacrine and 5 �M

U0126 for 2 h and then exposed to 75 �M glutamate for 30 min, and the
total proteins were extracted for Western blot with the specific phospho-
Raf, phospho-MEK1/2, phospho-ERK1/2, and �-tubulin antibodies.
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not necrosis (30). The assays by Hoechst 33324 staining and
TUNEL demonstrated that 75 �M glutamate-induced apoptosis
and bis(7)-tacrine could prevent glutamate-induced apoptosis
in our system. At 8 DIV, CGNs were pretreated with 1 �M

bis(7)-tacrine and exposed to 75 �M glutamate 2 h later, and the
phase contrast microscopy and FDA staining assays showed
that bis(7)-tacrine significantly blocked the loss of neurons and
reversed the morphological alteration, including unhealthy
bodies and broken extensive neuritic network, induced by glu-
tamate (Fig. 2A). The Hoechst 33324 staining assay showed
that bis(7)-tacrine significantly reversed nuclear condensation,
whereas the TUNEL assay proved that bis(7)-tacrine blocked
glutamate-induced increase in TUNEL-positive neurons (Fig.
2A). The counts of apoptotic bodies stained by Hoechst 33342
showed that bis(7)-tacrine significantly blocked apoptotic bod-
ies by 80% induced by glutamate (Fig. 2B). To further confirm
neuronal apoptosis caused by glutamate, a DNA fragmentation
gel assay was conducted on the above mentioned sister CGNs
cultures. The results showed that bis(7)-tacrine substantially
blocked the DNA fragmentation (DNA “ladder”) in CGNs in-
duced by glutamate (Fig. 2C).

The Neuroprotective Effects of Bis(7)-tacrine Are Independent
of AChE Inhibition and Cholinergic Transmission—Bis(7)-ta-
crine is a novel, potential, and selective inhibitor of AChE, and
it is unclear whether the neuroprotective properties of bis(7)-
tacrine were produced by inhibiting AChE activity. Therefore,
bis(7)-tacrine, together with two other reversible AChE inhib-
itors (tacrine and E2020) and one irreversible AChE inhibitor
(diisopropylfluorophosphate), was used to investigate whether
they could prevent glutamate-induced apoptosis in CGNs. With
MTT assay, it was shown that tacrine or E2020 at 1–50 �M, and
diisopropylfluorophosphate at 10 �M failed to efficiently block
apoptosis in CGNs induced by 75 �M glutamate (Fig. 3, A and
B). Although 50 �M of E2020 and 1 �M of bis(7)-tacrine pos-
sessed a similar effect on inhibiting the activity of AChE
(Fig. 3C), E2020 failed to block the neuronal loss, DNA conden-
sation, TUNEL-positive neurons, and DNA fragmentations
caused by 75 �M glutamate in CGNs (Fig. 2).

Activation of cholinergic receptors is able to prevent neuro-
nal apoptosis (27, 31). Bis(7)-tacrine inhibits the activity of
AChE and indirectly improves the increase of concentrations of
acetylcholine in vitro or in vivo, which may contribute to the
therapeutic effects against AD (2, 3). To investigate whether
the neuroprotective properties of bis(7)-tacrine was produced
by activating either subtype of cholinergic receptors directly
and/or indirectly, both atropine (a muscarinic receptor antag-
onist) and dihydro-�-erythroidine (a nicotinic cholinergic recep-
tor antagonist) were used. By the same cultured conditions
mentioned above, it was shown that 10 �M atropine, 50 �M

dihydro-�-erythroidine, or their combination failed to antago-
nize the neuroprotective properties of 1 �M bis(7)-tacrine
against 75 �M glutamate-induced apoptosis in CGNs (Fig. 3D).

Bis(7)-tacrine Inhibits the Activations of ERK and p38 Path-
ways Caused by Glutamate—Both ERK and p38 pathways are
associated with glutamate-caused apoptosis in neurons (21,
22). To determine whether ERK and p38 pathways are involved
in glutamate-induced apoptosis in our cultured CGNs, the spe-
cific inhibitors of MEK1/2 (U0126) and the specific inhibitors of
p38 (SB 203580) were selected to pretreat the CGNs for 2 h
before adding glutamate. It was observed that U0126 or
SB203580 partially prevented glutamate-induced apoptosis in
a dose-dependent manner (Fig. 4). The co-application of U0126
at 1 �M and SB203580 at 2 �M produced a synergistic neuro-
protective effect, and the combination of U0126 at 5 �M plus SB
203580 at 5 �M produced �100% inhibition on glutamate-
induced apoptosis (Fig. 4B).

To examine whether bis(7)-tacrine protected neurons
through inhibition of ERK pathway, the levels of phospho-Raf,
phospho-MEK1/2 and phospho-ERK1/2 were assayed by immu-
noblots. As shown in Fig. 5A, glutamate at 75 �M caused the
increase of phospho-ERK1/2, and bis(7)-tacrine inhibited this
event in a time-dependent manner. On the other hand, gluta-
mate also caused the rise of phospho-Raf, phospho-MEK1/2,
and phospho-ERK1/2 in a time-dependent manner, which
peaked at 15–30 min (Fig. 5B) and returned to their normal
levels at 6, 10, and 12 h after glutamate challenge, respectively

FIG. 6. Bis(7)-tacrine prevents the activation of p38 caused by glutamate in CGNs. A, bis(7)-tacrine time-dependently prevented
glutamate-evoked increase of phospho-MKK3/6 and phospho-p38 MAPK. CGNs were exposed to 75 �M glutamate (Glu) in the presence or the
absence of Bis(7)-tacrine at 1 �M and harvested at different times after glutamate challenge. Phospho-MKK3/6 and phospho-p38 were detected
by Western blot. B, bis(7)-tacrine dose-dependently inhibited the activation of p38 caused by glutamate. Left panel, CGNs were pretreated with
SB 203580 at 5 �M or bis(7)-tacrine at different concentrations for 2 h and then exposed to 75 �M glutamate for 1 h. p38 kinase activity was
assayed using immune complex kinase by the nonradioactive immunoprecipitation kinase kit as described under “Experimental Procedures.”
Right panel, phospho-p38 was extracted from CGNs exposed to 75 �M glutamate for 1 h. SB 203580 at 5 �M or bis(7)-tacrine at the indicated
concentrations were added to aliquots of the kinase at 30min prior to the start of the kinase reaction as described under “Experimental
Procedures.”
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(data not shown). Bis(7)-tacrine significantly inhibited the
phosphorylation levels of these three kinases increased by glu-
tamate at 30 min, whereas U0126 only inhibited the rise in
phospho-ERK1/2 (Fig. 5C).

To further investigate whether bis(7)-tacrine prevented glu-
tamate-induced apoptosis by inhibition of p38 pathway, the
level of phospho-p38 and the activity of p38 kinase were as-
sayed by immunoblots. It was found that 75 �M glutamate
caused the increase of phospho-MKK3/6 and phospho-p38 in a
time-dependent manner, and 1 �M bis(7)-tacrine reversed the
increase of phospho-MKK3/6 and phospho-p38 caused by glu-
tamate (Fig. 6A). Using the kinase assay both in vivo and in

vitro as described under “Experimental Procedures,” it was
demonstrated that bis(7)-tacrine inhibited the activation of p38
caused by 75 �M glutamate in a dose-dependent manner in
vivo, but did not directly inhibit the activity of phospho-p38 in
vitro using activating transcription factor 2 as a substrate (Fig.
6B).

Bis(7)-tacrine Reduces the Glutamate-evoked Increase of In-
tracellular Ca2�—According to the above results, bis(7)-tacrine
can inhibit the activation of ERK and p38 pathways caused by
glutamate, indicating that bis(7)-tacrine may inhibit the com-
mon upstream modules of ERK and p38 pathways. Glutamate
can induce the overloading of intracellular Ca2� in CGNs, and

FIG. 7. Bis(7)-tacrine inhibits glutamate-caused [Ca2�]i increase in CGNs. Ca2� imaging with Fluo-3 in CGNs from three independent
preparations was performed as described under “Experimental Procedures.” A, the representative figures of live fluorescence intensity were taken
by a confocal microscope from CGNs exposed to 75 �M glutamate (Glu) with 2 �M MK-801 (MK), 50 �M E2020, or 1 �M bis(7)-tacrine at different
times (0 s, 30 s, or 10 min). B, the time course curves were based on the fluorescence intensity of each group (n 	 30). C, the peaks of [Ca2�]i increase
were evoked by glutamate alone, glutamate plus MK-801 or glutamate plus bis(7)-tacrine. The data were expressed as F/F0 as described under
“Experimental Procedures” (F, the fluorescence value after exposure to glutamate 10 min; F0, the fluorescence value just before exposure to
glutamate). The data represent the means � S.E. (n 	 30). **, p � 0.01 versus glutamate group (Student’s t test).
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the intracellular Ca2� at high concentrations is able to activate
ERK and p38 pathways (21, 22). To investigate whether bis(7)-
tacrine could interfere with intracellular calcium release,
Fluo-3 fluorescence was used for determining the Ca2� levels in
CGNs. It could be observed that 75 �M glutamate caused a
persistent intracellular Ca2� increase (Fig. 7, A and B). In
treatment groups, the neurons were pretreated with a vehicle,
1 �M MK-801, or 1 �M bis(7)-tacrine for 2 h and then exposed to
75 �M glutamate. The intracellular Ca2� was measured during
these times. Compared with MK-801, which dramatically
blocked the rise in intracellular Ca2� caused by glutamate,
bis(7)-tacrine also significantly inhibited the intracellular Ca2�

triggered by glutamate (Fig. 7). There was no significant differ-
ence in both magnitude and kinetics of the resting intracellular
Ca2� levels (i.e. before the addition of glutamate) between the
neurons treated with the vehicle and bis(7)-tacrine (Fig. 7B).

Bis(7)-tacrine Blocks NMDA Receptors at the MK-801-bind-
ing Site—Before determining whether bis(7)-tacrine reduced
glutamate-increased intracellular Ca2� by directly interfering
NMDA receptors, we first showed that glutamate-mediated
apoptosis was completely blocked by MK-801 at 1 �M (a non-
competitive antagonist of NMDA receptors) or 2-amino-5-phos-
phonovalerate (APV) at 50 �M (a competitive antagonist of
NMDA receptors) but not affected by the �-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid and kainate receptor antag-
onists 6,7-dinitroquinoxaline-2,3-dione (DNQX) at 200 �M or
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) at 100 �M (Fig.
8A), indicating that glutamate-induced cell death was mainly
caused by the stimulation of NMDA receptors (21, 22). To
further dissect the possible interaction between bis(7)-tacrine
and NMDA receptors, patch clamp analyses were performed in
primary cultured hippocampal neurons. NMDA receptor-medi-
ated whole cell currents were elicited using the fast application
of 100 �M NMDA. NMDA receptor-mediated currents were
measured at �60 mV. Under the control conditions the agonist-
evoked current reached an initial peak and then decayed to a
steady-state level of �70–80% of the initial peak. The pooled
data from eight neurons showed that in the presence of MK-801
(1 �M), bis(7)-tacrine (0.1 and 1 �M), tacrine (50 �M) or E2020
(50 �M), 100 �M NMDA-induced currents were 33 � 3.1, 84.5 �
4.6, 54.3 � 3.6, 90.6 � 5.9, and 98.4 � 6.4%, respectively, of the
control value (Fig. 8B), indicating that bis(7)-tacrine, but not
tacrine and E2020, significantly reduced the current induced
by NMDA. Furthermore, according to receptor-ligand binding
assay, compared with MK-801 (IC50 	 0.0389 �M, Kd 	 0.041
�M), bis(7)-tacrine moderately competed with [3H]MK-801 with
an IC50 of 0.763 �M, whereas tacrine (IC50 	 41.5 �M) and
E2020 (IC50 	 184 �M) only weakly competed with [3H]MK-801
in rat cerebellar cortical membranes (Fig. 8C).

DISCUSSION

AChE inhibitors, such as tacrine and huperize A, have been
shown to attenuate the apoptosis of cortical neurons induced by
H2O2 or �-amyloid peptide (10, 32). Bis(7)-tacrine is also able to
prevent H2O2-induced neuronal apoptosis and ischemia-caused
injury (4, 5). However, the exact mechanisms of its neuropro-
tective activities remain elusive. In this study, the model that
glutamate at low concentrations caused apoptosis (not necro-
sis) was successfully set up in our CGN cultures as demon-
strated by several specific apoptotic detecting methods (Fig. 2)
(26). By using this model, we have investigated the neuropro-
tective activity and the mechanisms of bis(7)-tacrine. It was
found that bis(7)-tacrine inhibited the glutamate-induced apo-
ptosis in a dose-dependent manner (EC50 	 25 nM), and its
preventive effect was significant even at 0.01 �M (p � 0.05; Fig.
1). Because bis(7)-tacrine is a novel, selective, and potent AChE
inhibitor (1, 2), did bis(7)-tacrine prevent glutamate-induced

apoptosis by inhibition of AChE? However, other AChE inhib-
itors (tacrine, E2020, and diisopropylfluorophosphate) hardly
showed any neuroprotective properties on neuronal apoptosis
induced by glutamate in CGNs, although E2020 at 50 �M

possessed similar effects on inhibiting the activity of AChE in
CGNs with bis(7)-tacrine at 1 �M (Fig. 3, A–C). On the other
hand, the activation of cholinergic receptors is able to prevent
apoptosis induced by several apoptotic inducers, such as amy-
loid-� peptide in cortical neurons or low potassium in CGNs
(27, 31, 33). Some selective AChE inhibitors, such as rivastig-
mine and galantamine, are able to directly activate cholinergic
receptors and facilitate synaptic transmission in the mamma-
lian central nervous system (34). In our study, neither atropine
(an antagonist of muscarinic cholinoreceptors) nor dihydro-�-
erythroidine (an antagonist of nicotinic cholinoreceptors) af-
fected the neuroprotective properties of bis(7)-tacine (Fig. 3D).
Considering the above results, we propose that bis(7)-tacrine
prevents apoptosis induced by glutamate independent of inhib-
iting the activity of AChE and cholinergic transmission. Al-
though bis(7)-tacrine, as well as other AChE inhibitors, pre-
vents apoptosis possibly independent of inhibiting the activity
of AChE, it should not be excluded that they probably interfere
noncholinergic functions of AChE (35, 36). There is increasing
evidence that AChE might be involved in apoptosis (37). Trans-
fection with AChE leads to an increase of apoptosis in retinal
cells from chick embryos (38), and highly purified AChE pro-
teins have been shown to be toxic to cells via the apoptotic
mechanism (39), and increased expression of intranuclear
AChE is involved in apoptosis of SK-N-SH cells (40). AChE has
been suggested to be neurotoxic in vivo and in vitro and accel-
erate assembly of amyloid peptide into Alzheimer fibrils (40–
42). These noncholinergic roles of AChE could be important in
the process of AD, and they might be influenced in a beneficial
manner by AChE inhibitors and even will become a novel
target for treating AD. The therapeutic effects are probably
based on a multi-target mechanism, so these AChE inhibitors
with anti-apoptotic activities might be much more efficient in
the preventing and treating AD than those that only inhibit
AChE, whereas their neuroprotective properties might be de-
cided by not inhibiting the enzymatic activity of AChE but
interfering AChE-mediated apoptosis. However, more studies
should be performed to confirm this hypothesis.

It has been reported that the activation of ERK and p38 MAP
pathways are implicated in the intracellular signal transduc-
tion pathways of glutamate-induced neuronal cell death from
the independent groups (21, 22). However, the relationship
between ERK and p38 pathways in the apoptosis induced by
glutamate is unclear as yet. In our system, we have found that
at their efficacy, both MEK1/2 inhibitors and p38 inhibitors can
partially prevent the cell death induced by glutamate (Fig. 4).
The results confirm the published findings that ERK and p38
pathways may be involved in glutamate-induced apoptosis in
neurons. More interestingly, the co-application of U0126 and
SB 203580 almost blocked the cell death (Fig. 4B), indicating
that these two kinase pathways might play a synergistic role in
glutamate-induced apoptosis. Also, it has been found that
bis(7)-tacrine inhibits the activation of ERK and p38 pathways
caused by glutamate. According to the results obtained in im-
munoblots, bis(7)-tacrine inhibits the phosphorylation of Raf,
MEK1/2, and ERK1/2. This overall inhibition of kinases in the
ERK pathways suggests that bis(7)-tacrine possibly inhibits
the upstream modules of the pathway rather than directly
interferes this pathway. On the other hand, bis(7)-tacrine in-
hibits the activation of MKK3/6 and p38 caused by glutamate
in CGNs but does not directly inhibit the activity of phospho-
p38 in vitro, which also indicates that bis(7)-tacrine inhibits
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the p38 pathway by interfering with the upstream modules of
this pathway. Taking the evidence together, bis(7)-tacrine in-
hibits glutamate-induced apoptosis most likely via the inhibi-
tion of the common upstream modules of ERK and p38 path-
ways, which may explain why bis(7)-tacrine possesses more
potent neuroprotective effects than the inhibitors of ERK path-
way or the inhibitors of p38 alone.

Previous literature has reported that the rise of intracellular
Ca2� level can activate both ERK and p38 pathways under
many conditions (21, 22). On the other hand, the overloading of
intracellular calcium is necessary for glutamate-induced cell
death in CGNs (18). The patterns of glutamate-stimulated
calcium in neuronal cells are very complicated, mainly involv-
ing calcium influx through the NMDA receptor ion channel and
intracellular calcium mobilization (43). Blockade of intracellu-
lar calcium release or the presence of chelators of intracellular
calcium is neuroprotective against glutamate-mediated cell
death (44). We have demonstrated in another study that cal-
cium chelators, such as EDTA at 2 mM and 1,2-bis(2-aminophe-
noxy)ethane-N,N,N�,N�-tetraacetic acid-acetoxymethylester at
0.5 �M, are able to prevent the cell death in CGNs caused by
glutamate (data not shown). It may be possible that stabiliza-
tion of intracellular Ca2� is an effect produced by bis(7)-ta-
crine. The confocal microscopy techniques showed that bis(7)-
tacrine reversed the rise of the intracellular calcium caused by
glutamate to the nearly basal level. In addition, MK-801 and
APV prevent neuronal cell death induced by glutamate because
they can decrease calcium influx via directly blocking the
NMDA receptor (21, 22). Our results also point to the direction
that the action of bis(7)-tacrine may be further upstream
rather than directly on intracellular Ca2� release. In the whole
cell patch clamp assay, bis(7)-tacrine significantly reduced the
currents in neurons evoked by 100 �M NMDA, whereas E2020
and tacrine at about several times higher than therapeutic
concentrations could not yet (Fig. 8B). More interestingly,
bis(7)-tacrine can moderately compete with [3H]MK-801 in rat
cerebellar cortical membranes. The results indicate that the
inhibition of bis(7)-tacrine to glutamate-induced apoptosis may
be partially/fully contributed by directly blocking NMDA recep-
tors at the MK-801 site. Increasing evidence shows that gluta-
mate-induced cytotoxicity is involved in AD, and moderately
blocking NMDA receptors may be more helpful for treating AD
(45). The strongest evidence is that memantine, which is a
moderate antagonist of NMDA receptors at the MK-801 site
and able to prevent glutamate-induced apoptosis in neurons,
has been approved by the United States Food and Drug Ad-
ministration for treating AD patients, whereas early drugs for
treating AD were only limited in AChE inhibitors (13, 46).
Compared with the Ki values of memantine competed with
[3H]MK-801 (Ki 	 0.54–1 �M; 46), the Ki value of bis(7)-tacrine
is 0.695 �M on cerebellar cortical membranes, indicating that
bis(7)-tacrine and memantine have a similar affinity to NMDA
receptors. This narrow range of moderate affinity to NMDA
receptors has actually high significance in the treatment of

and E2020 (50 �M) were primed in the same patch clamped cell in the
presence of 10 �M glycine. NMDA was applied by a Y-tubing device for
the duration indicated by the bars. Lower panel, the effects of bis(7)-
tacrine on the NMDA-evoked whole cell current responses. According to
the current recordings of the above groups, the data were expressed as
the means � S.E. of the ratios of normalized currents (n 	 8 for each
group). C, inhibition of [3H]MK-801 binding to rat cerebellar cortex
membranes by bis(7)-tacrine. The membranes from rat cerebellar cor-
tex were incubated with [3H]MK-801 (4 nM) and the chemicals indicated
at gradually increasing concentrations as described under “Experimen-
tal Procedures.” The data, expressed as percentages of control, were the
means according to three experiments, and the graphs were plotted by
Sigmaplot software as described under “Experimental Procedures.”

FIG. 8. Bis(7)-tacrine blocks NMDA receptors at the MK-801
site. A, NMDA receptors mediated glutamate-induced apoptosis in
CGNs. CGNs were preincubated with or without 2 �M MK-801, 50 �M

APV, 200 �M DNQX, or 100 �M CNQX for 2 h and then exposed to 75 �M

glutamate (Glu). At 24 h after glutamate challenge, cell viability was
measured by MTT assay. The data, expressed as percentages of control,
were the means � S.E. of three separate experiments. **, p � 0.01
versus glutamate group (ANOVA and Dunnett’s test). B, bis(7)-tacrine
inhibits NMDA-evoked whole cell current in primary cultured hip-
pocampal neurons. Upper panel, representative whole cell recordings
with bars indicating the times at which NMDA (100 �M) alone, or
NMDA with MK-801 (1 �M), bis(7)-tacrine (0.1 or 1 �M), tacrine (50 �M),
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numerous central nervous system disorders because the affin-
ity is associated with blocking kinetics to NMDA receptors (13,
46). High affinity antagonists, such as MK-801, are associated
with very slow kinetics and weak voltage dependence, and
produce highly undesirable side effects at doses within their
putative therapeutic range, whereas very low affinity antago-
nists, such as magnesium ion, show fast blocking kinetics and
strong voltage dependence and may have no therapeutic poten-
tial on their tolerated doses (13). A number of clinical trials
have demonstrated that treatment with memantine provides
significant functional benefits for patients with AD patients
essentially devoid of such side effects (47). More encouragingly,
well controlled trials of memantine/E2020 dual therapy have
shown superior efficacy in moderate to severe AD patient sub-
groups (48). Therefore, we conjecture that bis(7)-tacrine, a po-
tent AChE inhibitor and moderate antagonist of NMDA recep-
tors, might slow pathogenesis in addition to improving memory
and cognition in AD patients (13, 49).

In conclusion, we demonstrate that bis(7)-tacrine inhibits
glutamate-mediated apoptosis in neurons through the blockade
of NMDA receptors at the MK-801-binding site. This function
appears to be independent of inhibiting AChE and cholinergic
transmission. Moreover, glutamate induces neuronal apoptosis
by activating both the ERK and p38 pathways that play a
synergistic role in the downstream apoptotic signals of over-
loading intracellular Ca2�. Bis(7)-tacrine buffers the rise of
intracellular Ca2� caused by glutamate (Fig. 7) through block-
ing NMDA receptors (Fig. 8) and then inhibits two MAPK
pathways: ERK and p38 pathways (Figs. 5 and 6). Combining
these and our previously published results (1–5), it is conjectured
that bis(7)-tacrine concurrently possesses anti-NMDA and anti-
AChE activities. This synergism might most effectively prevent
the neurodegeneration in addition to alleviating the cognitive
impairment for AD patients from early to late stages.
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